Background and Purpose: Although mild resuscitative hypothermia (34°C) immediately after cardiac arrest improves neurological outcome in dogs, its effects on cerebral blood flow and metabolism are unknown.
chieving optimal neurological recovery after cardiac arrest probably requires a multifaceted treatment' to mitigate the postresuscitation syndrome,2 which includes (1) reduced cerebral blood flow (CBF) in relation to the cerebral metabolic rate of oxygen (CMRO2; ie, 02 uptake) and (2) followed by delayed, protracted reduction in CBF,56 which is inhomogeneous. [7] [8] [9] [10] [11] Moderate hypothermia (with total body, ie, core, or central venous temperature [Tc] of 30°C), without cardiac arrest, reduces CBF and cardiac output parallel with oxygen consumption.'1213 It reduces microcirculation by increasing viscosity and hematocrit (Hct),14 which could offset its beneficial effects at the cellular level. Moderate hypothermia can cause arrhythmias, and if prolonged, also infection.1516 Mild hypothermia (Tc 34°C) can be induced more rapidly, has fewer management problems, and clinically does not seem to exert deleterious effects on the cardiovascular system. We have found in a systematic series of four outcome studies in dogs3 '17-19 that mild cerebral hypothermia after cardiac arrest is more effective than moderate hypothermia20 in reducing neurological deficit and is less likely to cause myocardial damage. 3"18'20 and CMRO2 after cardiac arrest and cardiopulmonary resuscitation (CPR) remains to be studied. From 1986 through 1990 we explored global, regional, and local CBF and CMRO2 patterns before and after cardiac arrest, using established dog models21'22 and stable xenon-enhanced computed tomography (Xe-CT).23-25 First, we established the CBF method under normothermia throughout in a model of external CPR and then reconfirmed the sequence of hyperemia-hypoperfusion after cardiac arrest.8 Second, we documented the reproducible heterogeneity of delayed postarrest hypoperfusion after reperfusion with open-chest CPR or cardiopulmonary bypass (CPB).9 Third, we found that hypertensive reperfusion plus hemodilution normalized global, regional, and local CBF after cardiac arrest10; hemodilution, however, by reducing arterial 02 content, did not improve cerebral 02 delivery. Fourth, we found the aminosteroid U74006F to have no effect on CBF and CMRO2 after cardiac arrest. '1 In the present (fifth) study,26 using the same model and methods, we compared global, regional, and local CBF patterns in a previously reported normothermic control group (group I, n=5)9 with those in a mild hypothermic group (group II, n=5). We also compared global CMRO2 in group I (n=3) with that in group II (n=5). In previous studies5,6,9 we found that global CMRO2 reached or exceeded normal values during hypoperfusion between 2 hours and 10 hours after cardiac arrest, ie, was mismatched with oxygen delivery. We hypothesize that mild hypothermia might alter CBF and CMRO2 patterns after cardiac arrest in a way that could explain (at least in part) its mitigating effect on brain damage.3
Materials and Methods
This project was approved by the Animal Use Committee of the University of Pittsburgh. We used 11 healthy, custom-bred male coon hounds from the same breeding colony, mean age 10 (range, 8 to 12) months and mean weight 17 (range, 14 to 18) kg.
One sham dog (CT30) was studied without cardiac arrest to observe the effect of mild (Tc 34°C) and moderate (Tc 30°C) hypothermia (Fig 1) Before cardiac arrest, the fentanyl infusion was discontinued and IPPV was with air for 4 minutes. Then VF was induced by external transthoracic electric shock.3.9 In all dogs To was to be maintained at exactly 37.5°C at the start of VF. During cardiac arrest, all temperatures were observed but not controlled. Immediately before the start of CPB, 0.0125 mg/kg epinephrine was given intra-arterially, and IPPV was restarted with 100% oxygen. All dogs were kept in VF no flow for 12.5 minutes, after which resuscitation was begun with CPB high flow > 100 mL/kg per minute (ie, resuscitation time was 0 minute). The CPB circuit had been primed earlier with plasma substitute, which resulted in transient moderate hemodilution in both groups. At full CPB flow of 3 minutes, one or more external defibrillating countershocks of 200 J was used to restore spontaneous heartbeat. Within a resuscitation time of 5 minutes, partial CPB (25 mL/kg per minute) was substituted for full CPB and continued to 1 hour in both groups.
To control Tc, CPB and external warming and cooling were used. In group I, Tc was maintained at 37.50C throughout the 4 hours after cardiac arrest by using external means. In group II, ice-water immersion of the cranium during VF only was followed by full CPB to restore spontaneous circulation with use of 20°C circuit temperature to lower Tc to 34°C within 2 to 5 minutes3 '8,19 and then by partial CPB with circuit temperature adjusted to maintain Tc 34°C to resuscitation time 1 hour. All CPB was stopped at 1 hour in both groups. In group II, external rewarming was performed from 1 hour to 3 hours after cardiac arrest.
Cerebral blood flow was studied sequentially over time: at 60 and 30 minutes before cardiac arrest; at resuscitation time '10 minutes" (ie, at 1 to 22 minutes in group I and 9 to 12 minutes in group II) and 30 minutes; and 1, 2, 3, and 4 hours after cardiac arrest. Before each CBF measurement, MABP, Pao2, Paco2, pHa, base excess, Hct, and Tc were controlled.
The methods for local CBF measurements by Xe-CT23-25 (two coronal slices) and data analysis were applied to our model as described previously.9-11 We obtained local CBF values for each 1 x 1x 5-mm voxel of two 5-mm-thick coronal CT slices studied. We empirically defined no flow as 0 to 5 mL/100 cm3 per minute; trickle flow, 6 to 10 mL/100 cm3 per minute; low flow, 11 to 20 mL/100 cm3 per minute; normal white-matter flow, 21 to 40 mL/100 cm3 per minute; normal gray-matter flow, 41 to 120 mL/100 cm3 per minute; and hyperemic flow, > 120 mL/100 cm3 per minute (Table 2) . We report global CBF in percent of the baseline value taken imme- diately before cardiac arrest. Global CBF was calculated as the average of all local CBF voxels in the posterior coronal slice, which included neocortex, hippocampus, and midbrain. 9 We report local CBF of the defined flow ranges (above) in percentage of voxels in the same posterior coronal slice. We also studied regional CBF values for eight selected bilateral regions of interest (measuring about 5 x5 x5 mm) in both slices, depicting them in customary graphic form (Figure 1 24 mL/100 cm3 per minute at 34°C (63% baseline value) and 18 mL/100 cm3 per minute at 30°C (47% baseline value); after rewarming to normothermia it increased to 59 mL/100 cm3 per minute. At baseline, no-flow and trickle-flow values were essentially zero. At 30°C, 16% of the voxels had no flow and 21% had trickle flow.
In the 10 dogs with cardiac arrest in groups I and II, anesthesia time before the first baseline CBF measurement was 4 to 5 hours. Before cardiac arrest, the Tc, MABP, Pao2, Paco2, pHa, base excess, blood glucose, and Hct did not differ between groups (Table 1) . During and after cardiac arrest, Tc followed protocol in both groups. In group I, Tc was 37.0±0.2°C at 10 minutes after reperfusion and remained between 37°C and 38°C to 4 hours. In group II during VF, Tc remained normothermic during head immersion in ice water (which in previous experiments lowered brain temperature during VF by about 0.5°C); with reperfusion by CPB, according to protocol, Tc decreased to 33.9±0.3°C at resuscitation time 10 minutes, remained at around 34°C to resuscitation time 1 hour, and with external rewarming reached 36°C to 37°C by resuscitation time 3 hours. Resuscitation by CPB, IPPV, and intensive care followed protocol in both groups. Spontaneous circulation was restored within 5 minutes after the start of CPB, with both groups requiring one to three countershocks. The brief hypertensive bout immediately upon restoration of heart beat and the requirements for NaHCO3 and norepinephrine were the same in both groups. Postarrest requirements for trimethaphan were minimal and similar in both groups. Norepinephrine was needed only for up to 15 minutes.
In each dog, the two baseline global CBF measurements were numerically lower in group II than in group I (not significant [NS]; Table 2 and Fig 2) . The first postarrest local CBF determinations during the hyperemic phase did not show any no-flow or trickle-flow voxels in either group (Table 2) . At resuscitation time 30 minutes, global CBF was similar to baseline values on its way down from hyperemia to hypoperfusion; at 30 minutes, no-flow and trickle-flow voxels were <5% in both groups, without statistically significant group differences ( Table 2 .
Regional CBF values (Fig 3) in both groups, for the five regions of interest shown, indicate the same hyperemia-hypoperfusion sequence as that seen in global CBF and as described previously,9-11 without statistical differences between groups. However, a numerically higher regional CBF occurred in the neocortex at resuscitation time 30 minutes in group II (NS).
Cerebral metabolic variables (Table 3 and Fig 4) differed considerably between animals at the same time points. Throughout the study, Pao2 remained at .100 mm Hg. The arterial 02 content decreased transiently immediately after cardiac arrest as a result of hemodilution and then returned to near-baseline values by 4 hours. The Cao2-Csso2 gradient ranged between 5 and 12 mL/dL before arrest, was near zero during hyperemia at "10 minutes" after reperfusion, varied widely at 30
minutes, and increased to slightly above baseline values at 2 and 4 hours after cardiac arrest, with no difference between groups. The cerebral 02 utilization coefficient (Table 3) was 0.18 to 0.57 at baseline, decreased during hyperemia, and increased to mean values of 0.67 in group I and 0.60 in group II by 4 hours, implying an oxygen delivery/uptake mismatch. Cerebral arterial 02 transport (Table 3) varied before cardiac arrest, increased less than expected during hyperemia (because of hemodilution), and decreased to about 50% of baseline values from 1 to 4 hours after cardiac arrest because CBF was 50% to 60% of baseline at that time.
Global (slice) CMRO2 (Fig 4) ranged between 2.7 and 4.5 mL/100 cm3 per minute at baseline in both groups and was extremely low during the hyperemic phase (values at 10 and 30 minutes ranged between 0.1 and 1.8 mL, with mean values c1.5 mL in both groups). At 1 hour after arrest, CMRO2 was 1.8±0.3 mL in group I (n=3) and 1.9+0.4 mL in group II (n=5). Values at 2 and 4 hours ranged between 1.2 and 4.2 mL/100 cm3 per minute in group I and between 1.2 and 2.6 mL in group II (Fig 4) . Discussion Our model of VF cardiac arrest, the method of determining CBF with Xe-CT, and the CBF patterns achieved with normothermic standard therapy are well established and have been discussed.9 Both this CBF study using Xe-CT and our previous outcome studies examined mild (34°C) resuscitative hypothermia after cardiac arrest,317-19 which had not been investigated previously. This is in contrast to moderate (30°C) protective hypothermia for elective circulatory arrest during open-heart or brain surgery.15"16 Reperfusion with
The partial CPB flow of 25 mL/kg per minute seems to have no significant cardiovascular effects. Our previous studies with the same model to 72 or 96 hours after arrest all showed improved clinical and histological cerebral outcome. In two studies,3,19 after immediate postarrest mild hypothermia to 1 hour, during spontaneous circulation, low-flow CPB for 1 hour was used merely for cooling but not in the normothermic control groups. In one study17 no CPB was used. In a fourth study'8 the same CPB time of 3 hours was used in all groups.
The spatial resolution of the CT method used allows reliable values for regions of .5 mm in diameter.9'28 The 1 x 1x 5-mm voxel values, particularly at low local CBF states, may be in part the result from CT noise and computational errors.928 In the present study we found that in the sham dog (Fig 1) , global CBF decreased to 63% of the normothermic value with mild hypothermia and to 47% with moderate hypothermia. Hypothermia seemed to increase the heterogeneity of local CBF. Without arrest, not only moderate hypothermia in adult dogs13 but also mild hypothermia in young pigs29 reduces CMRO2 and CBF in parallel. The depressant effect of mild and moderate hypothermia on local CBF appears reversible with return to normothermia (Fig 1) .
When induced before circulatory arrest, moderate, 1516 deep (15°C),30 or profound (50C)31 hypothermia does not add to but reduces ischemic brain damage. In contrast, in our other recent studies, deep resuscitative hypothermia induced with reperfusion from cardiac arrest worsened brain damage,18 whereas mild resuscitative hypothermia mitigated brain damage37 [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] more so than moderate resuscitative hypothermia.20 Impaired microcirculatory reperfusion with low temperatures is one of the several explanations that remain to be studied.
In the present study, after cardiac arrest for 4 hours, global CBF, regional CBF, and the proportion of no-flow and low-flow voxels of local CBF were the same in both groups. Mild hypothermia may not affect blood and plasma viscosity enough to decrease microcirculatory flow more than postischemic normothermia.7'9 Moderate hypothermia, when induced in dogs after temporary global ischemia by intracranial hypertension, also had little effect on postischemic hyperemia-hypoperfusion. 32 In previous studies with normothermia, hypertensive hemodilution improved global and multifocal CBF after cardiac arrest,10 and an initial hypertensive bout improved outcome.22 For the present study, to test mild hypothermia during reperfusion with hypertension and hemodilution'0 we conducted two pilot experiments (dogs CT21 and CT22), using the same model with VF of 12.5 minutes. The same reperfusion and cooling protocol was used, but with additional (slightly hypervolemic) hemodilution to an Hct of about 20% by Ringer's dextran solution and norepinephrine-induced transient hypertension to an MABP of .140 mm Hg immediately after cardiac arrest, as described previously. ' 1022 CBF baseline values were as in groups I and IL.
Postarrest MABP values at resuscitation time 10 minutes were 145 mm Hg and 155 mm Hg; Hct was 23% and Tc 34°C in both dogs. At resuscitation time 10 minutes (during the hyperemic phase), global CBF was 88 mL/100 cm3 per minute and 70 mL/100 cm3 per minute, without no-flow or trickle-flow voxels. From resuscitation time 1 hour (still with Tc 34°C) to 3 hours (normothermia), global CBF remained 81% and 86% of baseline and regional and local CBF values also remained near baseline values-higher than in group II without hypertensive hemodilution at the same time. Thus, flow promotion can normalize CBF after arrest not only during normothermia10 but also during mild hypothermia.
Does mild hypothermia for 1 hour early after arrest improve cerebral 02 delivery in relation to 02 demand? Without cardiac arrest, hypothermia is known to reduce CBF in parallel with CMRO2.12,13 '15,16 In previous studies9-11 with VF of 12.5 minutes, the 50% reduction in CBF starting at resuscitation time 1 hour lasted to resuscitation time 12 hours and was mismatched with global CMRO2, which reached baseline values at resuscitation time 2 to 3 hours. In this study, during the transient hyperemia at 10 minutes, cerebral arteriovenous 02 differences and calculated CMRO2 values were extremely low and varied widely between dogs. Although this could be a methodological artifact because this phase is very dynamic, the low values could also be the result of vasoparalysis, arteriovenous shunting, and postischemic metabolic silence. At 30 minutes, when cerebral electric activity returns,3 the in-between values are plausible as hyperemia changes to hypoperfusion. Only at 30 minutes did mild hypothermia result in a suggestion of better O2 delivery in relation to 02 uptake. By 1 hour after arrest, however, with group II still mildly hypothermic, the 02 gradients, global CBF values, and CMRO2 values were near baseline values and were the same in both groups, and remained so to 4 hours after arrest (Table 3 and Fig 4) . If there is any beneficial effect of mild postarrest hypothermia during the first hour on brain reoxygenation, it is early and transient and occurs before the mismatching of low 02 delivery and "normalized" 02 uptake are established at 2 to 4 hours. More prolonged mild cooling should be explored, with anesthesia and paralysis for pharmacological poikilothermia.
Although brief mild hypothermia has little effect on CBF and metabolism (the present study), it does improve cerebral outcome.3'7-19 Although hemodilution with plasma substitute to an Hct of <25% normalizes global, regional, and local CBF after cardiac arrest,10 it does not (without hypertension) seem to improve outcome. 22 An Hct of <20% reduces arterial 02 content, which offsets the improvement of CBF by hemodilution; thus, 02 delivery is not improved. To achieve improved 02 delivery, hemodilution might be attempted with an acellular 02 carrying blood substitute solution. Attempts to resolve these apparent inconsistencies should include long-term measurements of global, regional, and local CBF, CMRO2, and outcome.
The mechanisms by which brief postarrest mild hypothermia317-19 more so than moderate postarrest hypothermia18'20 might improve cerebral outcome are unclear. This study suggests that improved intracerebral blood flow distribution is not one of these mechanisms. Mild hypothermia probably exerts multiple beneficial effects at the neuronal level, including suppression of free radical, enzyme, excitotoxicity, and inflammatory reactions and direct physical protection of membranes. 3'33 We conclude that after prolonged cardiac arrest, immediate postarrest mild hypothermia (34°C) for 1 hour exerts neither a harmful nor a beneficial effect on global, regional, or local CBF patterns. Further large animal studies are needed to determine the optimal duration of mild hypothermia that, when combined with optimized 02 delivery (eg, with hypertension, vasodilation, hemodilution, and other measures) and suppression of shivering, hypermetabolism, and cerebral excitotoxicity and lipid peroxidation cascades, might optimize the long-term functional and morphological outcome of the brain.34
